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A method and a system are provided for hardware scheduling
of indexed barrier instructions. Execution of a plurality of
threads to process 1nstructions of a program that includes a
barrier instruction 1s 1nitiated and when each thread reaches
the barrier instruction, the thread pauses execution of the
instructions. A first sub-group of threads in the plurality of
threads 1s associated with a first sub-barrier index and a sec-
ond sub-group of threads 1n the plurality of threads 1s associ-
ated with a second sub-barrier index. When the barrier
istruction can be scheduled for execution, threads in the first
sub-group are executed serially and threads in the second
sub-group are executed serially and at least one thread 1n the

Int. CI. first sub-group 1s executed in parallel with at least one thread
GO6IF 9/46 (2006.01) in the second sub-group.
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SYSTEM AND METHOD FOR HARDWARE
SCHEDULING OF INDEXED BARRIERS

FIELD OF THE INVENTION

[0001] The present invention relates to program execution,
and, more specifically to barriers.

BACKGROUND

[0002] Conventional parallel processing architectures sup-
port the execution of multiple threads. Particular operations
that are performed during the execution of a program using a
conventional parallel processing architecture may require
synchronization of the multiple threads. Barrier instructions
(or fence 1nstructions) are used to synchronize the execution
of multiple threads during execution of such a program. A
scheduling unit within the parallel processing architecture
recognizes the barrier instructions and ensures that all of the
threads reach a particular barrier instruction before any of the
threads executes an instruction subsequent to that particular
barrier mstruction. The multi-threaded processing unit that
executes the threads 1s configured to synchronize the threads
at the particular barrier mstruction. The multi-threaded pro-
cessing unit may be configured to execute the synchronized
threads either in parallel or serially. In some cases, all of the
synchronized threads may not be executed in parallel, such as
when the barrier 1s used to delineate an ordered critical code
section. However, serial execution of the threads reduces
performance.

[0003] Thus, there 1s a need for addressing the 1ssue of
processing barrier mstructions and/or other 1ssues associated
with the prior art.

SUMMARY

[0004] A system and method are provided for scheduling
execution of indexed barrier instructions. Execution of a plu-
rality of threads to process instructions of a program that
includes a barrier instruction 1s initiated and when each thread
reaches the barrier instruction, the thread pauses execution of
the instructions. A first sub-group of threads in the plurality of
threads 1s associated with a first sub-barrier index and a sec-
ond sub-group of threads 1n the plurality of threads 1s associ-
ated with a second sub-barrier index. When the barrier
istruction can be scheduled for execution, threads 1n the first
sub-group are executed serially and threads in the second
sub-group are executed serially and at least one thread 1n the
first sub-group 1s executed 1n parallel with at least one thread
in the second sub-group

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 1s a block diagram illustrating a computer
system configured to implement one or more aspects of the
present disclosure;

[0006] FIG. 2 1s a block diagram of a parallel processing
subsystem for the computer system of FIG. 1, according to
one embodiment of the present disclosure;

[0007] FIG. 3A 1s a block diagram of the front end of FIG.
2, according to embodiment of the present disclosure;
[0008] FIG. 3B 1s a block diagram of a general processing
cluster within one of the parallel processing units of FIG. 2,
according to one embodiment of the present disclosure;
[0009] FIG. 3C 1s a block diagram of a portion of the
streaming multiprocessor of FIG. 3B, according to one
embodiment of the present disclosure; and
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[0010] FIG. 4 1s a conceptual diagram illustrating thread
blocks of a CTA, according to one example embodiment of
the present disclosure;

[0011] FIG. 5A 1s a block diagram of the warp scheduler
and istruction unit of FIG. 3C, according to one example
embodiment of the present disclosure;

[0012] FIG. 5B 1s a conceptual diagram mapping sub-bar-
rier indexes to a pixel grid that 1s intersected by multiple
graphics primitives, according to one example embodiment
ol the present disclosure;

[0013] FIG. 5C 1s a block diagram of a portion of the
scheduling unit and the barrier scheduling unit of FIG. 5A,
according to one example embodiment of the present disclo-
SUre;

[0014] FIG. SDillustrates a method for scheduling indexed
barrier instructions for execution, according to one example
embodiment of the present disclosure;

[0015] FIG. 6A 1llustrates a method for scheduling indexed
barrier istructions for execution, according to one example
embodiment of the present disclosure;

[0016] FIG. 6B illustrates a method for performing a step
shown 1n FIG. 6A, according to one example embodiment of
the present disclosure; and

[0017] FIG. 6C illustrates a method for performing a step
shown 1n FIG. 6B, according to one example embodiment of
the present disclosure.

DETAILED DESCRIPTION

[0018] A system and method are provided for scheduling
execution of conditional barriers that enable a sub-group of
threads to participate 1n a barrier instruction. Execution of
threads to process 1nstructions of a program that includes a
barrier instruction 1s initiated, and when each thread reaches
the barrier instruction, 1t 1s determined whether the thread
participates in the barrier instruction. The threads that partici-
pate 1n the barrier mstruction are executed to process one or
more instructions of the program that follow the barrier
instruction. Threads that do not participate in the barrier
instruction may continue execution without waiting for other
threads to reach the barrier instruction.

[0019] More illustrative information will now be set forth
regarding various optional architectures and features with
which the foregoing techmque may or may not be imple-
mented, per the desires of the user. It should be strongly noted
that the following information 1s set forth for illustrative
purposes and should not be construed as limiting 1n any
manner. Any of the following features may be optionally
incorporated with or without the exclusion of other features

described.

[0020] FIG. 1 1s a block diagram illustrating a computer
system 100 configured to implement one or more aspects of
the present disclosure. Computer system 100 includes a cen-
tral processing unit (CPU) 102 and a system memory 104
communicating via an interconnection path that may include
a memory bridge 105. Memory bridge 105, which may be,
¢.g., a Northbridge chip, 1s connected via a bus or other
communication path 106 (¢.g., a HyperTransport link) to an
I/O (anput/output) bridge 107. I/O bridge 107, which may be,
¢.g., a Southbridge chip, receives user input from one or more
user input devices 108 (e.g., keyboard, mouse) and forwards
the mput to CPU 102 via communication path 106 and
memory bridge 105. A parallel processing subsystem 112 1s
coupled to memory bridge 105 via a bus or second commu-
nication path 113 (e.g., a Peripheral Component Interconnect
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(PCI) Express, Accelerated Graphics Port, or HyperTransport
link); in one embodiment parallel processing subsystem 112
1s a graphics subsystem that delivers pixels to a display device
110 (e.g., a conventional cathode ray tube or liquid crystal
display based monitor). A system disk 114 1s also connected
to I/O brnidge 107. A switch 116 provides connections
between I/O bridge 107 and other components such as a
network adapter 118 and various add-in cards 120 and 121.
Other components (not explicitly shown), including universal
serial bus (USB) or other port connections, compact disc
(CD) drives, digital video disc (DVD) drives, film recording
devices, and the like, may also be connected to 1/0O bridge
107. The various communication paths shown i FIG. 1,
including the specifically named communications paths 106
and 113, may be implemented using any suitable protocols,
such as PCI Express, AGP (Accelerated Graphics Port),
HyperTransport, or any other bus or point-to-point commu-
nication protocol(s), and connections between different
devices may use different protocols as 1s known 1n the art.

[0021] In one embodiment, the parallel processing sub-
system 112 incorporates circuitry optimized for graphics and
video processing, icluding, for example, video output cir-
cuitry, and constitutes a graphics processing unit (GPU). In
another embodiment, the parallel processing subsystem 112
incorporates circuitry optimized for general purpose process-
ing, while preserving the underlying computational architec-
ture, described 1n greater detail herein. In yet another embodi-
ment, the parallel processing subsystem 112 may be
integrated with one or more other system elements 1n a single
subsystem, such as joining the memory bridge 105, CPU 102,
and I/0O bridge 107 to form a system on chip (SoC).

[0022] Itwill be appreciated that the system shown hereinis
illustrative and that variations and modifications are possible.
The connection topology, including the number and arrange-
ment of bridges, the number of CPUs 102, and the number of
parallel processing subsystems 112, may be modified as
desired. For instance, 1n some embodiments, system memory
104 1s connected to CPU 102 directly rather than through a
bridge, and other devices communicate with system memory
104 via memory bridge 105 and CPU 102. In other alternative
topologies, parallel processing subsystem 112 1s connected to
I/0 bridge 107 or directly to CPU 102, rather than to memory
bridge 105. In still other embodiments, I/O bridge 107 and
memory bridge 105 might be integrated into a single chip
instead of existing as one or more discrete devices. Large
embodiments may include two or more CPUs 102 and two or
more parallel processing systems 112. The particular compo-
nents shown herein are optional; for instance, any number of
add-in cards or peripheral devices might be supported. In
some embodiments, switch 116 1s eliminated, and network

adapter 118 and add-1n cards 120, 121 connect directly to I/O
bridge 107.

[0023] FIG. 2 illustrates a parallel processing subsystem
112, according to one embodiment of the present disclosure.
As shown, parallel processing subsystem 112 includes one or
more parallel processing units (PPUs) 202, each of which 1s
coupled to a local parallel processing (PP) memory 204. In
general, a parallel processing subsystem includes a number U
of PPUs, where Uzl. (Herein, multiple instances of like
objects are denoted with reference numbers 1dentifying the
object and parenthetical numbers 1dentifying the instance
where needed.) PPUs 202 and parallel processing memories
204 may be implemented using one or more integrated circuit
devices, such as programmable processors, application spe-
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cific mtegrated circuits (ASICs), or memory devices, or 1n
any other technically feasible fashion.

[0024] Referring againto FIG. 1 as well as FIG. 2, 1n some
embodiments, some or all of PPUs 202 1n parallel processing
subsystem 112 are graphics processors with rendering pipe-
lines that can be configured to perform various operations
related to generating pixel data from graphics data supplied
by CPU 102 and/or system memory 104 via memory bridge
105 and the second communication path 113, interacting with
local parallel processing memory 204 (which can be used as
graphics memory 1ncluding, e.g., a conventional frame
butler) to store and update pixel data, delivering pixel data to
display device 110, and the like. In some embodiments, par-
allel processing subsystem 112 may include one or more
PPUs 202 that operate as graphics processors and one or more
other PPUs 202 that are used for general-purpose computa-
tions. The PPUs may be identical or different, and each PPU
may have a dedicated parallel processing memory device(s)
or no dedicated parallel processing memory device(s). One or
more PPUs 202 1n parallel processing subsystem 112 may
output data to display device 110 or each PPU 202 1n parallel
processing subsystem 112 may output data to one or more
display devices 110.

[0025] In operation, CPU 102 1s the master processor of
computer system 100, controlling and coordinating opera-
tions of other system components. In particular, CPU 102
1ssues commands that control the operation of PPUs 202. In
some embodiments, CPU 102 writes a stream of commands
for each PPU 202 to a data structure(not explicitly shown 1n
either FIG. 1 or FIG. 2) that may he located 1n system memory
104, parallel processing memory 204, or another storage
location accessible to both CPU 102 and PPU 202. A pointer
to each data structure 1s written to a pushbuifer to 1mtiate
processing of the stream of commands in the data structure.
The PPU 202 reads command streams from one or more
pushbuffers and then executes commands asynchronously
relative to the operation of CPU 102. Execution priorities may
be specified for each pushbuifer by an application program
via the device driver 103 to control scheduling of the different
pushbutiers.

[0026] Referring back now to FIG. 2 as well as FIG. 1, each
PPU 202 includes an I/O (1input/output) unit 205 that com-
municates with the rest of computer system 100 via commu-
nication path 113, which connects to memory bridge 105 (or,
in one alternative embodiment, directly to CPU 102). The
connection of PPU 202 to the rest of computer system 100
may also be varied. In some embodiments, parallel process-
ing subsystem 112 1s implemented as an add-in card that can
be 1mnserted 1nto an expansion slot of computer system 100. In
other embodiments, a PPU 202 can be integrated on a single
chip with a bus bridge, such as memory bridge 105 or 1/0O

bridge 107. In still other embodiments. some or all elements
of PPU 202 may be integrated on a single chip with CPU 102.

[0027] In one embodiment, communication path 113 1s a
PCI Express link, in which dedicated lanes are allocated to
each PPU 202, as 1s known 1n the art. Other communication
paths may also be used. An I/0O unit 205 generates packets (or
other signals) for transmission on communication path 113
and also recerves all incoming packets (or other signals) from
communication path 113, directing the incoming packets to
appropriate components of PPU 202. For example, com-
mands related to processing tasks may be directed to a host
interface 206, while commands related to memory operations
(e.g., reading from or writing to parallel processing memory
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204) may be directed to a memory crossbar unit 210. Host
interface 206 reads each pushbuitler and outputs the command
stream stored 1n the pushbutfer to a front end 212.

[0028] FEach PPU 202 advantageously implements a highly
parallel processing architecture. As shown in detail, PPU
202(0) includes a processing duster array 230 that includes a
number C of general processing clusters (GPCs) 208, where
Cz1. Each GPC 208 is capable of executing a large number
(e.g., hundreds or thousands) of threads concurrently, where
cach thread 1s an instance of a program. In various applica-
tions, different GPCs 208 may be allocated for processing
different types of programs or for performing different types
of computations. The allocation of GPCs 208 may vary
dependent on the workload arising for each type of program
or computation.

[0029] GPCs 208 receive processing tasks to be executed
from a work distribution unit within a task/work unit 207. The
work distribution unit recerves pointers to processing tasks
that are encoded as task metadata (TMD) and stored in
memory. The pointers to TMDs are included 1n the command
stream that 1s stored as a pushbuiier and recerved by the front
end unit 212 from the host interface 206. Processing tasks that
may be encoded as TMDs include indices of data to be pro-
cessed, as well as state parameters and commands defining
how the data 1s to be processed (e.g., what program 1s to be
executed). The task/work unit 207 recerves tasks from the
front end 212 and ensures that GPCs 208 are configured to a
valid state before the processing specified by each one of the
TMDs 1s mitiated. A priority may be specified for each TMD
that 1s used to schedule execution of the processing task.
Processing tasks can also be received from the processing
cluster array 230. Optionally, the TMD can include a param-
eter that controls whether the TMD 1s added to the head or the
tail for a list of processing tasks (or list of pointers to the
processing tasks), thereby providing another level of control
over priority.

[0030] Memory interface 214 includes a number D of par-
tition units 215 that are each directly coupled to a portion of
parallel processing memory 204, where D=1. As shown, the
number of partition units 215 generally equals the number of
dynamic random access memory (DRAM) 220. In other
embodiments, the number of partition units 215 may not
equal the number of memory devices. Persons of ordinary
skill 1n the art will appreciate that DRAM 220 may be
replaced with other suitable storage devices and can be of
generally conventional design. A detailed description 1is
therefore omitted. Render targets, such as frame bulfers or
texture maps may be stored across DRAMs 220, allowing
partition units 2135 to write portions of each render target in
parallel to efficiently use the available bandwidth of parallel
processing memory 204.

[0031] Anyoneof GPCs 208 may process data to be written
to any of the DRAMSs 220 within parallel processing memory
204. Crossbar unit 210 1s configured to route the output of
cach GPC 208 to the input of any partition unmit 215 or to
another GPC 208 for further processing. GPCs 208 commu-
nicate with memory interface 214 through crossbar unit 210
to read from or write to various external memory devices. In
one embodiment, crossbar unit 210 has a connection to
memory interface 214 to communicate with I/O unit 205, as
well as a connection to local parallel processing memory 204,
thereby enabling the processing cores within the different
GPCs 208 to communicate with system memory 104 or other
memory that 1s not local to PPU 202. In the embodiment
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shown 1n FI1G. 2, crossbar unit 210 1s directly connected with
I/O unit 205. Crossbar unit 210 may use virtual channels to
separate traific streams between the GPCs 208 and partition
units 215.

[0032] Again, GPCs 208 can be programmed to execute
processing tasks relating to a wide variety of applications,
including but not limited to, linear and nonlinear data trans-
forms, filtering of video and/or audio data, modeling opera-
tions (e.g., applying laws of physics to determine position,
velocity and other attributes of objects), image rendering
operations (e.g., tessellation shader, vertex shader, geometry
shader, and/or pixel shader programs), and so on. PPUs 202
may transier data from system memory 104 and/or local
parallel processing memories 204 into internal (on-chip)
memory, process the data, and write result data back to system
memory 104 and/or local parallel processing memories 204,
where such data can be accessed by other system compo-
nents, including CPU 102 or another parallel processing sub-
system 112.

[0033] A PPU 202 may be provided with any amount of
local parallel processing memory 204, including no local
memory, and may use local memory and system memory in
any combination. For instance, a PPU 202 can be a graphics
processor 1n a unified memory architecture (UMA) embodi-
ment. In such embodiments, little or no dedicated graphics
(parallel processing) memory would be provided, and PPU
202 would use system memory exclusively or almost exclu-
stvely. In LIMA embodiments, a PPU 202 may be integrated
into a bridge chip or processor chip or provided as a discrete
chip with ahigh-speed link (e.g., PCI Express) connecting the
PPU 202 to system memory via a bridge chip or other com-
munication means.

[0034] As noted above, any number of PPUs 202 can be
included 1n a parallel processing subsystem 112. For instance,
multiple PPUs 202 can be provided on a single add-1n card, or
multiple add-1n cards can be connected to communication
path 113, or one or more of PPUs 202 can be integrated into
a bridge chip. PPUs 202 1n a multi-PPU system may be
identical to or different from one another. For instance, dit-
terent PPUs 202 might have different numbers of processing
cores, different amounts of local parallel processing memory,
and so on. Where multiple PPUs 202 are present, those PPUs
may be operated i1n parallel to process data at a higher
throughput than 1s possible with a single PPU 202. Systems
incorporating one or more PPUs 202 may be implemented 1n
a variety of configurations and form factors, including desk-
top, laptop, or handheld personal computers, servers, work-
stations, game consoles, embedded systems, and the like.

Multiple Concurrent Task Scheduling

[0035] Multiple processing tasks may be executed concur-
rently on the GPCs 208 and a processing task may generate
one or more “child” processing tasks during execution. The
task/work unit 207 recerves the tasks and dynamically sched-
ules the processing tasks and child processing tasks for execu-

tion by the GPCs 208.

[0036] FIG.3A1sablock diagram of the task/work unit 207
of FIG. 2, according to one embodiment of the present dis-
closure. The task/work unit 207 1includes a task management
unit 300 and the work distribution unit 340. The task man-
agement unit 300 organizes tasks to be scheduled based on
execution priority levels. For each priority level, the task
management unit 300 stores a list of pointers to the TMDs 322
corresponding to the tasks in the scheduler table 321, where
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the list may be implemented as a linked list. The TMDs 322
may be stored 1n the PP memory 204 or system memory 104.
The rate at which the task management unit 300 accepts tasks
and stores the tasks in the scheduler table 321 1s decoupled
from the rate at which the task management unit 300 sched-
ules tasks for execution. Therefore, the task management unit
300 may collect several tasks before scheduling the tasks. The
collected tasks may then be scheduled based on priority infor-
mation or using other techniques, such as round-robin sched-
uling.

[0037] The work distribution unit 340 includes a task table
345 with slots that may each be occupied by the TMD 322 for
a task that 1s being executed. The task management unit 300
may schedule tasks for execution when there 1s a free slot in
the task table 345. When there 1s not a free slot, a higher
priority task that does not occupy a slot may evict a lower
priority task that does occupy a slot. When a task 1s evicted,
the task 1s stopped, and 1f execution of the task 1s not com-
plete, then a pointer to the task 1s added to a list of task
pointers to be scheduled so that execution of the task will
resume at a later time. When a child processing task 1s gen-
erated, during execution of a task, a pointer to the child task 1s
added to the list of task pointers to be scheduled. A child task
may be generated by a TMD 322 executing in the processing,
cluster array 230.

[0038] Unlike a task that is recetved by the task/work unit
207 from the front end 212, child tasks are received from the
processing cluster array 230. Child tasks are not inserted into
pushbulfers or transmitted to the front end. The CPU 102 1s
not notified when a child task 1s generated or data for the child
task 1s stored in memory. Another difference between the
tasks that are provided through pushbuifers and child tasks 1s
that the tasks provided through the pushbuilers are defined by
the application program whereas the child tasks are dynami-
cally generated during execution of the tasks.

Task Processing Overview

[0039] FIG. 3B is ablock diagram of a GPC 208 within one
of the PPUs 202 of FIG. 2, according to one embodiment of
the present disclosure. Each GPC 208 may be configured to
execute a large number of threads 1n parallel, where the term
“thread” refers to an instance of a particular program execut-
ing on a particular set of input data. In some embodiments,
single-nstruction, multiple-data (SIMD) 1nstruction 1ssue
techniques are used to support parallel execution of a large
number of threads without providing multiple independent
instruction units. In other embodiments, single-instruction,
multiple-thread (SIMT) techmques are used to support par-
allel execution of a large number of generally synchronized
threads, using a common instruction unit configured to 1ssue
instructions to a set of processing engines within each one of
the GPCs 208. Unlike a SIMD execution regime, where all
processing engines typically execute identical instructions,
SIMT execution allows difierent threads to more readily fol-
low divergent execution paths through a given thread pro-
gram. Persons of ordinary skill in the art will understand that
a SIMD processing regime represents a functional subset of a
SIMT processing regime. Similarly, a SISD (single-instruc-
tion single-data) or a MIMD (multiple-instruction multiple-
data) regime also represents a functional subset of a SIMT
processing regime.

[0040] Operation of GPC 208 1s advantageously controlled
via a pipeline manager 305 that distributes processing tasks to
streaming multiprocessors (SMs) 310. Pipeline manager 305
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may also be configured to control a work distribution crossbar
330 by speciiying destinations for processed data output by

SMs 310.

[0041] Inone embodiment, each GPC 208 includes a num-
ber M of SMs 310, where M=L each SM 310 configured to
process one or more thread groups. Also, each SM 310 advan-
tageously includes an identical set of functional execution
units (e.g., execution units and load-store units—shown as
Exec units 302 and LSUs 303 1n FIG. 3C) that may be pipe-
lined, allowing a new 1nstruction to be 1ssued betfore a previ-
ous instruction has finished, as 1s known 1in the art. Any
combination of functional execution units may be provided.
In one embodiment, the functional units support a variety of
operations including integer and floating point arithmetic
(e.g., addition and multiplication), comparison operations,
Boolean operations (AND, OR, XOR), bit-shifting, and com-
putation of various algebraic functions (e.g., planar mterpo-
lation, trigonometric, exponential, and logarithmic functions,
etc.); and the same functional unit hardware can be leveraged
to perform different operations.

[0042] The series of instructions transmitted to a particular
GPC 208 are executed by one or more threads, as previously
defined herein, and the collection of a certain number of
concurrently executing threads across the parallel processing
engines (not shown) within an SM 310 1s referred to herein as
a “warp” or “thread group.” As used herein, a “thread group”
refers to a group of one or more threads concurrently execut-
ing the same program on different input data, with one thread
of the group being assigned to a different processing engine
within an SM 310. A thread group may include fewer threads
than the number of processing engines within the SM 310, in
which case some processing engines will be 1dle during
cycles when that thread group 1s being processed. A thread
group may also include more threads than the number of
processing engines within the SM 310, 1n which case pro-
cessing will take place over consecutive clock cycles. Since
cach SM 310 can support up to G thread groups concurrently,
it follows that up to G*M thread groups can be executing 1n
GPC 208 at any given time.

[0043] Additionally, a plurality of related warps may be
active (1n different phases of execution) at the same time
within an SM 310. This collection of thread groups 1s referred
to herein as a “cooperative thread array” (“CTA”) or “thread
array.” Each CTA comprises a programmer-specified number
of warps executing 1n the same SM 310. One or more CTAs
can potentially execute concurrently in the same SM 310 The
s1ze of a CTA 1s generally determined by the programmer and
the amount of hardware resources, such as memory or regis-
ters, available to the CTA.

[0044] FEach SM 310 contains a level one (LL1) cache
(shown 1n FIG. 3C) or uses space 1 a corresponding 1.1 cache
outside of the SM 310 that 1s used to perform load and store
operations. Each SM 310 also has access to level two (LL2)
caches that are shared among all GPCs 208 and may be used
to transfer data between threads. Finally, SMs 310 also have
access to off-chip “global” memory, which can include, e.g.,
parallel processing memory 204 and/or system memory 104.
It 1s to be understood that any memory external to PPU 202
may be used as global memory. Additionally, a level one-
point-five (L1.5) cache 335 may be included within the GPC
208, configured to receive and hold data fetched from
memory via memory interface 214 requested by SM 310,
including instructions, uniform data, and constant data, and
provide the requested data to SM 310. Embodiments having
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multiple SMs 310 1n GPC 208 beneficially share common
instructions and data cached in 1.5 cache 335.

[0045] FEach GPC 208 may include a memory management
unit (MMU) 328 that i1s configured to map virtual addresses
into physical addresses. In other embodiments, MMU(s) 328
may reside within the memory iterface 214. The MMU 328
includes a set of page table entries (PTEs) used to map a
virtual address to a physical address. The MMU 328 may
include address translation lookaside butfers (TLB) or caches
which may reside within multiprocessor SM 310 or the L1
cache or GPC 208. The physical address 1s processed to
distribute data access locality to allow efficient request inter-
leaving among partition units 215. The cache line index may
be used to determine whether or not a request for a cache line
1s a hit or miss.

[0046] In graphics and computing applications, a GPC 208
may be configured such that each SM 310 1s coupled to a
texture unit 3135 for performing texture mapping operations,
¢.g., determining texture sample positions, reading texture
data, and filtering the texture data. Texture data is read from
an 1nternal texture L1 cache (not shown) or 1n some embodi-
ments from the L1 cache within SM 310 and 1s fetched from
an L2 cache that 1s shared between all GPCs 208, parallel
processing memory 204, or system memory 104, as needed.
Each SM 310 outputs processed tasks to work distribution
crossbar 330 1n order to provide the processed task to another
GPC 208 for further processing or to store the processed task
in an L2 cache, parallel processing memory 204, or system
memory 104 via crossbar unit 210. A preROP (pre-raster
operations) 323 1s configured to recerve data from SM 310,
direct data to ROP units within partition units 2135, and per-
form optimizations for color blending, organize pixel color
data, and perform address translations.

[0047] It will be appreciated that the core architecture
described herein 1s 1llustrative and that variations and modi-
fications are possible. Any number of processing units, e.g.,
SMs 310 or texture units 315, preROPs 3235 may be included
within a GPC 208. Further, as shown in FIG. 2, a PPU 202
may include any number of GPCs 208 that are advanta-
geously functionally similar to one another so that execution
behavior does not depend on which GPC 208 receives a
particular processing task. Further, each GPC 208 advanta-
geously operates independently of other GPCs 208 using
separate and distinct processing units, .1 caches to execute
tasks for one or more application programs.

[0048] Persons of ordinary skill in the art will understand
that the architecture described in FIGS. 1, 2, 3A, and 3B 1n no
way limits the scope of the present invention and that the
techniques taught herein may be implemented on any prop-
erly configured processing unit, including, without limita-
tion, one or more CPUs, one or more multi-core CPUs, one or
more PPUs 202, one or more GPCs 208, one or more graphics
or special purpose processing units, or the like, without
departing the scope of the present invention.

[0049] Inembodiments of the present invention, 1t 1s desir-
able to use PPU 202 or other processor(s) of a computing
system to execute general-purpose computations using thread
arrays. Each thread in the thread array 1s assigned a unique
thread 1dentifier (“thread ID”) that 1s accessible to the thread
during the thread’s execution. The thread ID, which can be
defined as a one-dimensional or multi-dimensional numerical
value controls various aspects of the thread’s processing
behavior. For instance, a thread ID may be used to determine
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which portion of the input data set a thread 1s to process and/or
to determine which portion of an output data set a thread 1s to
produce or write.

[0050] A sequence of per-thread instructions may include
at least one nstruction that defines a cooperative behavior
between the representative thread and one or more other
threads of the thread array. For example, the sequence of
per-thread 1nstructions might include an instruction to sus-
pend execution of operations for the representative thread at a
particular point in the sequence until such time as one or more
of the other threads reach that particular point, an 1nstruction
for the representative thread to store data in a shared memory
to which one or more of the other threads have access, an
instruction for the representative thread to atomically read
and update data stored 1n a shared memory to which one or
more of the other threads have access based on their thread
IDs, or the like. The program can also include an instruction
to compute an address 1n the shared memory from which data
1s to be read, with the address being a function of thread ID.
By defining suitable functions and providing synchronization
techniques, data can be written to a given location in shared
memory by one thread of a CTA and read from that location
by a different thread of the same CTA 1n a predictable manner.
Consequently, any desired pattern of data sharing among
threads can be supported, and any thread 1n a CTA can share
data with any other thread 1n the same CTA. The extent, 1f any,
of data sharing among threads of a CTA 1s determined by the
program; thus, it 1s to be understood that in a particular
application that uses CTAs, the threads of a CTA might or
might not actually share data with each other, depending on
the program, and the terms “CTA” and “thread array” are used
synonymously herein.

[0051] FIG. 3C 1s a block diagram of the SM 310 of FIG.
3B, according to one embodiment of the present disclosure.
The SM 310 includes an instruction L1 cache 370 that 1s
configured to recerve instructions and constants from
memory via LL1.5 cache 335. A warp scheduler and instruction
unit 312 recerves mnstructions and constants from the mnstruc-
tion L1 cache 370 and controls local register file 304 and SM
310 functional units according to the instructions and con-
stants. The SM 310 functional units mnclude N exec (execu-

tion or processing) units 302 and P load-store umts (LSU)
303.

[0052] SM 310 provides on-chip (internal) data storage
with different levels of accessibility. Special registers (not
shown) are readable but not writeable by LSU 303 and are
used to store parameters defiming each thread’s “position.” In
one embodiment, special registers include one register per
thread (or per exec unit 302 within SM 310) that stores a
thread ID; each thread ID register 1s accessible only by a
respective one of the exec unit 302. Special registers may also
include additional registers, readable by all threads that
execute the same processing task represented by a TMD 322
(or by all LSUs 303) that store a CTA 1dentifier, the CTA
dimensions, the dimensions of a grid to which the CTA
belongs (or queue position 1f the TMD 322 encodes a queue
task 1nstead of a grid task), and an 1dentifier of the TMD 322
to which the CTA 1s assigned.

[0053] If the TMD 322 1s a grid TMD, execution of the
TMD 322 causes a fixed number of CTAs to be launched and
executed to process the fixed amount of data stored in the
queue. The number of CTAs is specified as the product of the
orid width, height, and depth. The fixed amount of data may

be stored 1n the TMD 322 or the TMD 322 may store a pointer
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to the data that will be processed by the CTAs. The TMD 322
also stores a starting address of the program that 1s executed
by the CTAs.

[0054] If the TMD 322 1s a queue TMD, then a queue
teature of the TMD 322 1s used, meaning that the amount of
data to be processed 1s not necessarily fixed. Queue entries
store data for processing by the CTAs assigned to the TMD
322. The queue entries may also represent a chuld task that 1s
generated by another TMD 322 during execution of a thread,
thereby providing nested parallelism. Typically, execution of
the thread, or C'TA that includes the thread, 1s suspended until
execution of the child task completes. The queue may be
stored 1n the TMD 322 or separately from the TMD 322, 1n
which case the TMD 322 stores a queue pointer to the queue.
Advantageously, data generated by the child task may be
written to the queue while the TMD 322 representing the
chuld task 1s executing. The queue may be implemented as a
circular queue so that the total amount of data 1s not limited to
the si1ze of the queue.

[0055] CTAs that belong to a grid have implicit grid width,
height, and depth parameters indicating the position of the
respective CTA within the grid. Special registers are written
during initialization in response to commands received via
front end 212 from device driver 103 and do not change
during execution of a processing task. The front end 212
schedules each processing task for execution. Each CTA 1s
associated with a specific TMD 322 for concurrent execution
of one or more tasks. Additionally, a single GPC 208 may
execute multiple tasks concurrently.

[0056] A parameter memory (not shown) stores runtime
parameters (constants) that can be read but not written by any
thread within the same CTA (or any LSU 303). In one
embodiment, device driver 103 provides parameters to the
parameter memory before directing SM 310 to begin execu-
tion of a task that uses these parameters. Any thread within
any CTA (or any exec unit 302 within SM 310) can access
global memory through a memory interface 214. Portions of
global memory may be stored in the L1 cache 320.

[0057] Local register file 304 1s used by each thread as
scratch space; each register 1s allocated for the exclusive use
of one thread, and data 1n any of local register file 304 is
accessible only to the thread to which the register 1s allocated.
Local register file 304 can be implemented as a register file
that 1s physically or logically divided into P lanes, each hav-
ing some number of entries (where each entry might store,
¢.g.,a32-bitword). One lane 1s assigned to each of the N exec
units 302 and P load-store units LSU 303, and corresponding,
entries 1n different lanes can be populated with data for dii-
terent threads executing the same program to facilitate SIMD
execution. Different portions of the lanes can be allocated to
different ones of the G concurrent thread groups, so that a
given entry in the local register file 304 1s accessible only to a
particular thread. In one embodiment, certain entries within
the local register file 304 are reserved for storing thread
identifiers, implementing one of the special registers. Addi-
tionally, a uniform L1 cache 375 stores uniform or constant
values for each lane of the N exec units 302 and P load-store

units LSU 303.

[0058] Shared memory 306 is accessible to threads within a
single CTA; 1n other words, any location 1n shared memory
306 1s accessible to any thread within the same CTA (or to any
processing engine within SM 310), Shared memory 306 can
be implemented as a shared register file or shared on-chip
cache memory with an interconnect that allows any process-
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ing engine to read from or write to any location 1n the shared
memory. In other embodiments, shared state space might map
onto a per-CTA region of oif-chip memory, and be cached 1n
.1 cache 320. The parameter memory can be implemented as
a designated section within the same shared register file or
shared cache memory that implements shared memory 306,
or as a separate shared register file or on-chip cache memory
to which the LSUs 303 have read-only access. In one embodi-
ment, the area that implements the parameter memory 1s also
used to store the CTA ID and task ID, as well as CTA and grnid
dimensions or queue position, implementing portions of the
special registers. Each LSU 303 1n SM 310 1s coupled to a
unified address mapping unit 352 that converts an address
provided for load and store istructions that are specified in a
unified memory space into an address in each distinct
memory space. Consequently, an istruction may be used to
access any of the local, shared, or global memory spaces by
specilying an address in the unmified memory space.

[0059] The L1 cache 320 1in each SM 310 can be used to

cache private per-thread local data and also per-application
global data. In some embodiments, the per-CTA shared data
may be cached 1n the L1 cache 320. The LSUs 303 are
coupled to the shared memory 306 and the L1 cache 320 via
a memory and cache interconnect 380.

Thread Logical Identifier

[0060] An mput work buifer that includes multiple work
items 1s assigned to a CTA for processing. The work bulifer
may include work 1tems for a pixel tile, where each work 1tem
corresponds to a particular region of the pixel tile. A number
of threads equal to the number of work 1tems in the work
butler are attached to the “parent” CTA. If there 1s an excess
of work 1tems, then only a subset of available work 1tems may
be attached to the “parent” CTA. A logical identifier that 1s
relative to the parent CTA 1s assigned to each thread and the
logical identifiers increment 1n sequence so that the logical
identifiers indicate the order in which the threads are
launched. The logical identifiers are defined 1n a linear space
rather than a multidimensional space. When needed, the
threads may be configured to execute critical sections of code
based on the logical identifiers. When the logical 1identifiers
are used by each thread to index 1nto an input work butfer, the
threads of a CTA can be executed (via the logical to physical
thread mapping) in the work order. Importantly, the logical
identifiers for the threads are stored within the SM 310, so
even 1f the processing work 1s stored outside of the SM 310,
the next thread to process in the sequence specified by the
logical i1dentifiers can be identified. Then, the processing
work for the next thread can be loaded into the SM 310 for
processing.

[0061] In order to maintain a mapping from logical thread
IDs to physical threads, we introduce the concept of a thread
block, where each thread block corresponds to a fixed set of
physical threads (e.g. 16 threads per block). When launching
new work, we allocate physical threads one thread block at a
time. This way, we need to maintain the mapping only at
per-block granularity, instead of per-thread granularity. FIG.
4 1s a conceptual diagram illustrating thread blocks of a CTA,
according to one example embodiment of the present disclo-
sure. As shown in FI1G. 4, 16 CTAs may be executing within
an SM 310 and each CTA can use eight different barriers each
having a unique barrier identifier. A barrier may include “top™
and “bottom’ barrier instructions to define the start and end of
a critical code section within a program. A simpler barrier
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includes only a “top” barrier instruction. In one embodiment,
the program counter of the “top” barrier instruction 1s
appended to a barrier identifier as a tag to allow the same
barrier 1dentifier to be used 1n multiple places 1n a single
program. The program counter uniquely discriminates
between different barriers when the same barrier 1dentifier
appears more than once 1n the program. In another embodi-
ment, an incrementing counter 1s used to generate unique
barrier 1dentifiers.

[0062] Each CTA may be allocated at least one thread
block, where a thread block includes 16 threads. As shown in
FIG. 4, 1n one embodiment, the maximum number of thread
blocks that may be allocated to a CTA 1s eight. In another
embodiment, a thread block includes 64 threads and each
CTA may include 312 or more threads. Sixteen warps are
reserved for processing the thread blocks, where each warp
includes 4 threads. Therefore, each thread block 1s a group of
64 threads having resources that are allocated together. As
shown in FI1G. 4, 128 warps may be simultaneously processed
by an SM 310 and the four thread blocks may be distributed
to different execution units 302 for load balancing across the
different executionunits 302. In other embodiments, different
numbers of threads may be included in a CTA and a thread
block may include a different number of threads.

[0063] Given a logical identifier associated with a particu-
lar thread, the corresponding thread group that includes the
particular thread may be determined. In one embodiment, the
thread block 1s computed by truncating the lowest 4 bits of the
logical identifier. The lowest 4 bits of the logical identifier are
an offset within the thread block. The physical 1dentifier for
the thread 1s computed by mapping the thread block to a
corresponding physical i1dentifier base and then using the
offset to locate the processing resources allocated for the
thread. For example, the high bits of the physical 1dentifier
may be used to determine the thread block and the lower bits
may be used to determine the particular thread within the
thread block. In sum, the logical identifier 1s a CTA-oriented
identifier for each thread 1n the CTA and the physical identi-

fier 1s hardware-oriented identifier for each thread that is
executed by the SM 310 for the CTA.

Barrier Instruction Scheduling

[0064] FIG. 5A 1s a block diagram of the warp scheduler
and mstruction umit 312 of FI1G. 3C, according to one example
embodiment of the present disclosure. As shown 1n FIG. 5A,
the warp scheduler and instruction unit 312 includes an
instruction cache fetch unit 412 that 1s configured to fetch
cache lines containing the instructions for warps from the
istruction L1 cache 370. In one embodiment, each cache line
1s 512 bats wide, storing eight instructions (64 bits wide) 1n a
single cache line. The mstruction cache fetch unit 412 outputs
the 1nstructions to the mstruction scheduling unit 420.

[0065] The mstruction scheduling unit 420 receives the
instructions and warp 1dentifiers and proceeds to schedule the
instructions for execution. The instruction scheduling unit
420 may be configured to maintain a priority associated with
cach of the warps scheduled on SM 310 and schedule the
tetched instructions based on the priorities. For example,
scheduling unit 425 may maintain a 6-bit or a 10-bit priority
value associated with each of 16 different warps scheduled on
SM 310 at any given time. The priority may be assigned based
on various factors. In one embodiment, priority may be based
on when the warp was scheduled on SM 310 (1.e., the longest
pending warp may have the highest priority). In other
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embodiments, the priority may for each warp may be speci-
fied by the program that 1s defined by the instructions
executed by the warp or may be based on the CTA.

[0066] The instruction scheduling unit 420 includes a
scheduling unit 425, a barrier state 502, a thread state 510, and
a barrier scheduling unit 430. The scheduling unit 425 does
not necessarily select the instructions in the priority order of
the different warps because one or more of the instructions
may not be ready for execution due to a data dependency or
because all of the threads participating in a barrier instruction
have not reached a barrier instruction. When a first instruction
can be 1ssued, the mstruction 1s scheduled and output by the
scheduling unit 425. When the first mstruction cannot be
issued, the scheduling unit 425 determines 1f an instruction
for a different warp may be 1ssued for the respective mstruc-
tion. In some cases, the first instruction can be 1ssued, but the
first nstruction 1s low priority, so that another instruction
(from a different warp) may be 1ssued instead. In all cases, the
instructions for each individual thread of a warp are 1ssued 1n
the order that the instructions for the respective individual
threads are received by the warp scheduler and instruction

unit 312.

[0067] The scheduling unit 425 maintains a state model of
SM 310 that 1s updated based on the 1ssued 1nstructions. The
state model allows the scheduling unit 425 to select instruc-
tions based on dynamic execution of the program and the
availability of resources within SM 310. For example, a SM
310 or functional unit within an SM 310 or the texture unit
315 that will execute the 1nstruction may be 1dentified as a
resource needed for the instruction and the availability of the
resource may be used by the scheduling unit 425.

[0068] State information 1s maintained and used by the
scheduling unit 4235 and the barrier scheduling unit 430. In
particular, state information i1s needed for barriers and for
threads. Barrier state includes one or more of the following
fields: a reference count, a rescan flag, a static/dynamic/idle
field, and a barrier type (e.g., simple conditional, critical
section, ordered critical section). A barrier begins 1n an idle
state. When at least one thread reaches the top barrier instruc-
tion, the barrier state changes from 1dle to static. The sched-
uling unit 425 changes the state from static to dynamic when
the barrier 1s “ready” to be executed. The barrier scheduling
unit 430 changes the state from dynamic to 1dle when execu-
tion of the barrier 1s “done”.

[0069] The thread state 1s stored 1n thread state 510 and
includes one or more of the following fields: barrier identifier,
an 1dentifier of the parent CTA, the logical 1dentifier, a done
flag, and an awake/asleep tlag. The use of the thread state 510
and the barrier state 1s described 1n further detail 1n the fol-
lowing paragraphs.

[0070] When the scheduling unit 425 identifies a first
occurrence of a particular barrier instruction, meaning that a
first thread of a CIA has reached the particular barrier instruc-
tion during execution of a program, the scheduling unit 425
updates the state of the barrier identifier specified by the
barrier istruction from “idle” to “static” (assuming that the
first thread causes an increment of the barrier membership
counter that 1s compared with the reference count). It 1s not
necessary for all threads of a CTA to participate in each
barrier that 1s allocated to a CTA. Each thread that participates
in a particular barrier specifies a barrier identifier correspond-
ing to the particular barrier and a thread may participate in one
barrier at a time. In one embodiment, threads may indicate
participation 1n a particular barrier using an mstruction predi-
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cate. Threads that do not participate 1n a barrier may be
scheduled to execute 1nstructions recerved by the scheduling
unit 425. Threads that do participate 1n a barrier cannot
execute instructions that are after the barner instruction 1n
program order until all of the participating threads have
reached the barrier istruction.

[0071] The scheduling unit 425 1s configured to change the
barrier state from static to dynamic when the “membership”™
for a particular barrier 1s complete. A variety of different
conditions may be used to determine that the membership 1s
complete. A first condition 1s that the number of threads that
have reached the barrier instruction equals the number of
threads assigned to the parent CTA. A second condition 1s that
the number of threads that have reached the barrier instruction
equals the reference count specified for the barrier. A third
condition 1s that the number of threads that have reached the
barrier instruction and that participate in the barrier equals the
reference count specified for the barrier. The reference value
1s specified by the program and indicates the number of
threads that are expected to arrive at the barrier. A thread that
does not participate in a barrier stores zero for the barrier
identifier in the thread state 510. The scheduling unit 425 may
be configured to increment a barrier membership counter
corresponding to the specific barrier as threads reach the
barrier instruction to determine if the membership for the
barrier 1s complete.

[0072] As each participating thread reaches the barrier
istruction, state data for the thread that 1s stored 1n the thread
state 510 1s updated. Specifically, the thread state 1s set to
“asleep,” indicating that the thread 1s halted (1.e., paused) and
1s not executing instructions. A thread that has withdrawn 1s
remains “awake” and may continue execution. Once the
membership 1s complete, the scheduling unit 425 changes the
state of the barrier 1dentifier to “dynamic” and outputs the
CTA 1dentifier and the barrier identifier to the barrier sched-
uling unit 430. The barrier scheduling unit 430 1s configured
to schedule threads participating 1n barrier instructions for
execution.

[0073] Barrier instructions may be used to delineate
ordered and non-ordered critical code sections of a program.
A top barrier instruction occurs immediately prior to the first
instruction of a critical code section and a bottom barrier
instruction having the some barrier identifier as the top barrier
instruction occurs immediately after the last instruction of the
critical code section. TABLE 1 illustrates an example of an
ordered critical code section.

TABL.

(L]

1

// start ordered critical section

// load CTA counter into RO, for local work
// increment using thread values

// store the CTA counter from R2 to memory
// finish the ordered critical section

BARRIER. TOP.OCS
L.LD RO, [address];
IMAD R2, RO, R1, R3;
ST [address], R2
BARRIER.BOT.OCS;

[0074] Barrier mstructions may also be used to delineate
critical code sections that do not have order constraints, 1.e.,
non-ordered critical code sections. Non-ordered critical code
sections may be scheduled by the barrier scheduling unit 430
in an arbitrary order or the logical identifiers may be used to
schedule the critical code sections in the logical identifier
order, just as ordered critical code sections are scheduled. The
barrier scheduling unit 430 will only schedule the (ordered
and non-ordered) critical code sections for execution by the
threads that participate 1n the barrier. In one embodiment, a
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barrier istruction does not delineate a critical code section
and 1s used as a (simple) conditional barrier to synchronize
execution of participating threads at a barrier instruction. In
other words, instead of a top and bottom barrier, there 1s just
a single barrier istruction.

[0075] The barrier scheduling umt 430 schedules the
threads that participate in a barrier by waking up a first thread,
where the first thread 1s the participating thread having the
lowest logical i1dentifier value (unless a different ordering
convention 1s used). The barrier scheduling unit 430 updates
the thread state 510 to indicate that the first thread 1s awake
Consequently, the scheduling unit 425 will schedule the first
thread for execution because the first thread 1s now eligible to
be executed. When the first thread reaches the bottom barrier,
the barrier scheduling unit 430 1s notified by the scheduling
unmit 425 and the thread state 510 1s updated by either the
barrier scheduling unit 430 or the scheduling unit 425 to
indicate that the first thread 1s asleep. When the first thread
reaches the bottom barrier, the done flag 1n the thread state
510 1s also updated by either the barrier scheduling unit 430 or
the scheduling unit 423 to indicate that the first thread 1s done.
[0076] The barner scheduling unit 430 then wakes up the
next participating thread, enabling execution of the critical
code section for the next participating thread. The barrier
scheduling unit 430 continues to wake each participating
thread 1n logical order until the last participating thread
reaches the bottom barrier. When the last participating thread
reaches the bottom barrier, execution of the barrier 1s com-
plete and the barrier scheduling unit 430 updates the thread
state 510 to indicate that all of the participating threads are
awake. The barrier scheduling unit 430 may determine that
the last participating thread has been scheduled when the
search for a next participating thread fails. The scheduling
unmt 4235 updates the barrier state 502 to indicate that the
barrier 1dentifier 1s ‘“idle”, e.g., neither “‘static” nor
“dynamic”. The scheduling unit 4235 1s then able to schedule
one or more of the participating threads for execution 1n any
order.

Indexed Barrier Instruction Scheduling

[0077] In some cases, the threads that participate in the
barrier do not need to be executed senally. In other words,
sub-groups of the participating threads may be executed 1n
parallel. Within each sub-group the threads are executed seri-
ally. One technique for improving performance 1s to assign
cach sub-group to a different barrier 1dentifier so that the
different sub-groups may be executed in parallel. A single
barrier identifier may be referenced by each of the participat-
ing threads so that the participating threads are synchronized
before the different sub-groups begin executing in parallel. As
previously explained, a reference count 1s specified for each
barrier. Oftentimes, the number of threads in each sub-group
cannot necessarily be easily determined. Thus, using a differ-
ent barrier identifier for each sub-group may not be a practical
technique to enable parallel execution. Instead an indexed
barrier instruction, as described further herein, may be used to
enable parallel execution of sub-groups of at least one thread,
where each thread participates 1n the same 1ndexed barrier.

[0078] Indexed barrier instructions separate the barrier
identifier into two (or more) fields, where a first field specifies
a barrier 1dentifier associated with the reference count and a
second field specifies a sub-barrier index. For example, a 6 bit
name space may be split mto a 4.2 format, where 4 bits
specily the primary barrier identifier and 2 bits specily a
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sub-barrier index, allowing for 16 different primary barriers
that each can each include 4 different sub-barriers. Thus, each
of the 16 primary barriers can support up to 4-way parallel-
ism. The sub-barrier index differentiates between the differ-
ent sub-groups of the participating threads and may be stored
in a per-thread register. The primary barrier identifier may be
provided as an opcode field. In one embodiment, both the
primary barrier identifier and the sub-barrier index are stored
in a per-thread register, with the sub-barrier index residing 1n
the lower bits of the register.

[0079] During execution, once the participating threads are
synchronized at the indexed barrier, the different sub-groups
may execute 1n parallel. However, within each sub-group of
threads speciiying the same sub-barrier identifier the partici-
pating threads are executed serially. At any point 1n time
tollowing synchronization for the indexed barrier, one thread
belonging to each of the different sub-barriers may selected
for execution at a time, and the selected threads may be
executed 1n parallel so that two or more threads participating
in the mdexed barrier may be executed in parallel. In one
embodiment, four threads may be executed 1n parallel. In one
embodiment, groups of threads that are known to be able to
execute 1n parallel, such as the four threads of a pixel quad
(e.g., 2x2, 1x4, or 4x1 pixels), may be controlled and
executed instead of single threads.

[0080] Separate reference counts are not needed for each of
the sub-barrier 1dentifiers. In some cases computing a refer-
ence count for each of the sub-barrier 1dentifiers may be
difficult because the number of threads that should reach the
sub-barrier 1s unknown. Therefore, the ability to use an
indexed barrier that specifies a reference count for multiple
sub-groups enables the parallel execution of each sub-group
without computing a reference count for each sub-group. In
contrast, using a separate (non-indexed) barrier for each sub-
group, so that the sub-groups may be executed in parallel
requires specilying a reference count for each of the sub-
groups.

[0081] FIG. 5B 1s a conceptual diagram mapping sub-bar-
rier indexes to a pixel grid 540 that 1s intersected by multiple
graphics primitives, according to one example embodiment
ol the present disclosure. The pixel grid 540 1s an 8x8 gnid
which 1s further divided mto four regions of 4x4 pixels. In
other embodiments, each region includes one or more pixels
of adjacent or non-adjacent pixels 1n the pixel grid 540. An
ordered critical code section may be configured to perform
hidden surface removal (1.e. z bullering or depth testing).
When performing hidden surface removal the graphics primi-
tives that intersect the pixel grid 540 should be processed in
the same order for each pixel to avoid producing visual arti-
facts. As shown in FIG. 5B, three primitives 342, 544, and 546
intersect the pixel grid 540. Assuming that the three primi-
tives 542, 544, and 546 are at the same depth, changing the
order in which the primitives are processed during hidden
surface removal may produce different images.

[0082] TABLE 2 illustrates an example of an ordered criti-
cal code section that may be used to implement a hidden
surface removal operation.

TABLE 2

BARRIER. TOP.OCS.IDX BAR__ 03, R& // start ordered critical section
LD RO, [pixel_z address]; // load pixel depth from the frame butfer
into RO
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TABLE 2-continued

MATH R2, RO, prim__pixel__z;

// compare the computed primitive
depth with RO

// store the result into the frame buffer
// finish the ordered critical section

ST R2, [pixel__z address]
BARRIER.BOT;

The barrier, BARRIER. TOP.OCS.IDX 1s configured to use 4
different indexes, O, 1, 2, and 3 that are mapped to different
4x4 pixel regions of the pixel grid 540, as shown 1n FIG. 5B.
BAR__ 03 1s the barrier identifier and R8 1s an input register
containing an index.

[0083] Threads are allocated to process each pixel, and, as
cach participating thread arrives at the BARRIER. TOP.OCS.
IDX the count of threads that have reached the indexed barrier
1s incremented and the thread state 510 for the participating
thread 1s set to “asleep”. In one embodiment, the reference
count and barrier information state indicating the count of
participating threads that have reached the barrier 1s main-
tained 1n the barrier state 502 for the barrer identifier having
the first field set to the primary barrier identifier and the
sub-barrier index set to 0.

[0084] Assuming an 8 bit, 6.2 format barrier identifier (6 bat
primary barrier identifier and 2 bit index field), where the
primary barrier identifier equals 3 (000011 1n binary format),
the reference count 1s specified for the barrier i1dentifier
0x3<<2 (00001100 1n binary format), assuming a 2 bit sub-
barrier index. When the primary barrier identifier 1s combined
with the 2 bit sub-barrier indexes, the barrier identifiers
00001100, 00001101, 00001110, and 00001111 (1.e.,12, 13,
14, and 15 1n decimal format) are produced so that a unique
barrier 1dentifier corresponds to each of the sub-barrier
indexes. In another embodiment, the sub-barrier indexes may
correspond to pixel screen coordinates. For example, the low
2 bits of (x,y) pixel coordinates may be used to specily a 4 bit
sub-barrier 1ndex, where sub-barrier index=((pixely &
3)<<2)l(pixel.x & 3).

[0085] From the point-of-view of the barrier scheduling
unit 430, an indexed bather with a 2-bit sub barrier index field
corresponds to four different barriers, where a diflerent sub-
group 1s associated with each of the different barriers. There-
fore, the barrier scheduling unit 430 can schedule the sub-
groups for execution in parallel while the threads within each
sub-group are executed serially. Once all of the threads par-
ticipating in the indexed barrier reach the indexed barrier (1.¢.,
when the count equals the reference count) the scheduling
unmt 425 changes the state of the four barrier identifiers to
“dynamic” and outputs the CTA 1dentifier and the barrier
identifiers to the barrier scheduling unit 430. To enable par-
allel execution of the sub-groups, a separate barrier identifier
1s output by the scheduling unit 425 to the barrier scheduling
unit 430 for each sub-barrier index that 1s specified by at least
one of the participating threads. Sub-barriers may be con-
trolled as a sub-group by masking out the sub-barrier index
tor the overall barrier name. This allows the scheduler unit
425 to, for example, wait for all sub-barriers to be executed
betore releasing any of the sub-barrers.

[0086] When the same pixel location occurs more than
once 1n a sub-group of participating threads, the correspond-
ing threads will by executed as a part of the same sub-group 1n
logical order which 1s the input order (1.e., the order 1n which
the primitives 542, 544, and 346 were received). When the
last participating thread 1n a particular sub-group reaches the
bottom barrier, the barrier scheduling unit 430 updates the
thread state 510 to indicate that all of the participating threads
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in the particular sub-group are “awake”. The barrier schedul-
ing unit 430 also updates the barrier state 502 for the particu-
lar barrier identifier corresponding to the sub-group from
“dynamic” to “idle” (i.e., neither *“static” nor “dynamic”).
When all of the participating threads in the different sub-
groups have been scheduled, the scheduling unit 425 will
have updated the barrier state 502 to indicate that the four
bather i1dentifiers (e.g., 12, 13,14, and 15) are “idle” (.e.,
neither “static” nor “dynamic”). The scheduling unit 425 1s
then able to schedule one or more of the participating threads
for execution 1n any order.

[0087] The barrier scheduling unit 430 may also be config-
ured to schedule exclusive critical code sections and ordered
critical code sections with a non-blocking bottom barrier
(indexed or non-indexed). The barrier scheduling unit 430
schedules a first thread participating 1n an exclusive critical
code section by first waiting for execution of any other critical
code sections or exclusive critical code sections to complete.
The barrier for an exclusive critical code section 1s scheduled
for exclusive execution. An exclusive critical code section
may be an ordered critical code section or a non-ordered
critical code section that 1s exclusive. Note, that threads that
are not participating 1 a barrier may be executed simulta-
neously with the threads executing the exclusive critical code
section. An exclusive critical code section may be used when
resource access conflicts may occur between the threads par-
ticipating 1n different barriers.

[0088] The barrier scheduling unit 430 schedules threads
participating 1n a critical code section with a non-blocking
bottom barrier by allowing the threads to continue execution
ol subsequent instructions that are immediately after the bot-
tom barrier without waiting for all of the participating threads
to execute the critical code section. Once the thread state 510
for a participating thread 1s updated by the barrier scheduling
unit 430 to indicate that the thread 1s awake, the thread
remains awake after reaching the bottom barrier. The sched-
uling unit 4235 1s then able to schedule participating threads
that have completed execution of the critical code section for
execution simultaneously with one other participating thread
(in each sub-group for an indexed barrier) that 1s currently
executing the critical code section. When all of the participat-
ing threads have reached the bottom barrier, execution of the
barrier 1s complete and the barrier scheduling unit 430
updates the barrier state 502 to indicate that the barrier iden-
tifier (or barrier 1dentifiers for an indexed barrier) 1s neither
“static” nor “dynamic”.

[0089] In one embodiment, the scheduling unit 425 per-
forms a dynamic barrier scoreboard check to determine
whether a first instruction can be 1ssued before outputting the
first instruction to the decode unit 450. When the first instruc-
tion 1s associated with a barrier 1dentifier, the scheduling unait
425 waits to 1ssue the first instruction 1n the following situa-
tions: when a barrier (in a static or dynamic state) has the
same barrier identifier and a different tag compared with the
first instruction or when a barrier (in the dynamic state) has
the same 1dentifier and the some tag.

[0090] Decode unit 450 recerves the next istruction to be
dispatched from the instruction scheduling unit 420. The
decode unit 450 performs a full decode of the 1nstruction and
transmits the decoded imstruction to the dispatch unit 470.
Again, 1n some embodiments, mstructions may be dual or
quad issued and decode unit 450 may implement separate
decode logic for each 1ssued instruction. Dispatch umt 470
implements a FIFO and writes the decoded values to local
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register {ile 304 for execution by execution units 302 or load/
store units 303. In embodiments that 1ssue multiple instruc-
tions simultaneously, dispatch unit 470 may issue each
instruction to a different portion of the functional units of SM
310. Scoreboard unit 480 manages and tracks the number of
instructions that have been decoded and dispatched per thread
group.

[0091] In some cases, 1t 1s not necessary for all of the
participating threads to reach the barrier instruction before
some of the threads begin executing a non-ordered critical
code section. For example, a barrier may function as a “speed
bump” to encourage grouping of some threads while not
requiring the threads to wazit for all threads that participate in
the barrier to reach the barrier. Therefore, at least a portion of
threads expected to have localized memory access patterns
may be grouped for improved cache access performance. An
indexed barrier may be used to execute code that 1s non-
ordered critical when a sub-barrier index 1s dynamically gen-
erated for different versions of the barrier by the scheduling

unit 425.

[0092] The scheduling unit 425 may be configured to tran-
sition an mndexed barrier ito the “dynamic™ state and gener-
ate a “version” of the barrier without necessarily waiting for
all of the threads that participate 1n the barrer to reach the
indexed barrier instruction. Each indexed barrier may specity
whether versioming 1s enabled for the barrier. A timeout (1.¢.,
maximum duration of time) may be specified for barriers that
are used to control when a new sub-barrier index 1s generated
to create a new version ol the barrier. The timeout 1s measured
from the first participating thread to reach the barrier or from
the mostrecent participating thread to reach the barrier. In one
embodiment, the scheduling unit 425 may wait for a mini-
mum number of participating threads to reach the indexed
barrier before generating a new sub-barrier index for a sub-
group of the participating threads. The timeout and/or the
minimum number of participating threads are version gen-
eration conditions.

[0093] When versioning 1s enabled for a indexed barrier
and the version generation condition 1s met, the scheduling
unmt 425 transitions the barrier identifier corresponding to the
generated sub-barrier index from the “static” to “dynamic”
state and sets the sub-barrier index that 1s referenced by each
thread 1n the version sub-group to the sub-barrier index.
When a versioned indexed barrier 1s used, the indexes are no
longer controlled by the user provided index register (e.g.,
input register R8 shown in Table 2), but are instead generated
by the scheduling unit 425 1n a serial fashion. The indexed
barrier 1s thereby processed without waiting for all of the
participating threads to reach the barrier. The sub-barrier
index 1s mitialized at 0 and 1s incremented (modulo the index
count) for each version that 1s generated. Because the number
of unique sub-barrier indexes 1s limited, the scheduling unit
425 may need to wait for a sub-group corresponding to a
previously generated version to complete execution (1.e.,
transition from “dynamic” to “idle”) before reusing the sub-
barrier index to generate another version. Execution of the
sub-groups (1.e., versions) may be performed in parallel for
cach sub-barrier index. When the count equals the reference
count, the last version will be generated, and when all of the
participating threads are executed, execution of the indexed
barrier 1s complete.

[0094] FIG. 5C 1s a block diagram of a portion of the
scheduling unit 425 and the barrier scheduling unit 430 of
FIG. 5A, according to one example embodiment of the
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present disclosure. A thread barrier arrival tracking unit 500
updates the barrier state information stored in the barrier state
502 for each barrier that 1s allocated to a CTA. As previously
explained, the barrier state information imdicates which bar-
rier identifiers are “‘static”, “dynamic”, or idle (neither
“static” nor “dynamic”). When a barrier identifier transitions
from “‘static” to “dynamic”, the barrier 1dentifier and CTA
identifier 1s output to the FIFO 505. If the barrier 1s an indexed
barrier and the scheduling unit 423 1s not configured to gen-
crate versions, a barrier identifier with the same primary
barrier 1dentifier 1s output once for each unique sub-barrier
index. When the scheduling unit 423 1s configured to generate
versions for an indexed barrier, the barrier identifier for the
sub-barrier index corresponding to the version 1s output when
the version 1s generated and the sub-barrier index may be
recycled 11 the number of versions 1s greater than the number
of unique sub-barrier indexes and the version 1s 1dle. As each
thread of the CTA that participates in the barrier reaches the
barrier istruction, the scheduling unit 425 updates the state
ol the participating thread that 1s stored in the thread state 510
to indicate that the participating thread 1s “asleep™.

[0095] The FIFO 505 buifers dynamic barriers when an
execution slot 1s not available 1n the barrier execution slots
515. In one embodiment, the barrier execution slots 515
includes 16 slots that may each be occupied by one dynamic
barrier. When a slot 1s available 1n the barrier execution slots
515, a dynamic barrnier 1s popped from the FIFO 505 and
inserted into the slot. The barrier arbitration unit 520 arbi-
trates between the different dynamic barriers that occupy the
slots of the barrier execution slots 5135. Various priority
schemes may he employed by the barrier arbitration unit 520
to arbitrate between the diflerent dynamic barriers. The bar-
rier arbitration unit 520 provides the thread selection unit 530

with a dynamic barrier from which a thread may he selected
tor scheduling by the thread selection unit 530.

[0096] The thread selection unit 530 selects threads 1n the
order specified by the logical 1dentifier associated with each
thread 1n a thread array (1.e., allocated to a CTA). The thread
selection unit 530 accesses the barrer participation tracking
information 332 to determine which threads participate 1n the
dynamic barrier. The thread selection unit 530 accesses the
thread state 510 and the barrier state information stored 1n the
barrier state 502 to identily any late arriving participating,

threads.

[0097] Not all threads 1n the one or more thread blocks that
are allocated to a CTA necessarily participate 1n each barrier
that 1s used by the CTA. As previously explained, the barriers
are specified by barrier 1dentifiers and each thread indicates
whether or not 1t participates 1n one or more of the indexed
barriers by referencing the primary barrier identifier corre-
sponding to an indexed barrier. The thread selection unit 530
identifies the participating threads once for each sub-group
during processing of the indexed barrier and then proceeds to
select each participating thread having the same sub-barrier
index for execution serially. The thread selection unit 530
skips over non-participating threads during the selection pro-
CEeSS.

[0098] Belore selecting a first thread for execution for a

particular barrier, the thread selection unit 530 determines 11
the barrier 1s an exclusive barrier that delineates an exclusive
critical code section. If the barrier 1s exclusive, then the thread
selection unit 530 determines if any other thread arrays are
executing a critical code section or exclusive critical code
section, and, 1f so, the thread selection unit 530 waits until
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threads in those thread arrays complete execution before
selecting a first thread for execution for the exclusive barrier.
In one embodiment, the FIFO 505 does not pop an exclusive
barrier while a dynamic barrier occupies a slot 1n the barrier
execution slots 315 and the FIFO 503 does not pop a barrier
while an exclusive barrier occupies a slot 1n the barrier execu-
tion slots 513.

[0099] The thread selection umit 530 may generate an
execution mask based on the participating threads for each
sub-group. Participating threads specity the barrier identifier
that matches the barrier identifier provided with the barrier
instruction. The thread selection unit 530 searches the execu-
tion mask to find the first thread, i1n logical identifier order, to
select for execution until all of the threads 1n the sub-group
have been selected. As each participating thread 1s selected,
the bit of the execution mask corresponding to the participat-
ing thread 1s cleared and the thread 1s marked as done. In one
embodiment, when multiple thread blocks are allocated to a
CTA, the thread selection unit 530 generates an execution

mask for one thread block at a time, thereby limiting the
number of bits 1in the execution mask to the number of threads

in a thread block.

[0100] When the thread selection umit 530 selects a partici-
pating thread for execution, the thread selection umt 530
updates the state of the thread stored 1n the thread state 510 to

indicate that the thread 1s “awake”. The scheduling unit 425
will then 1ssue the thread for execution and continue to 1ssue
the thread for each instruction in the critical code section until
the barrier bottom 1s reached. When the bottom barrier 1s
reached, the scheduling unit 425 informs the thread selection
unit 530 and the thread selection unit 530 determines whether
the thread 1s required by the barrier to wait for all other threads
participating in the barrier to execute the critical code section
before proceeding to execute an instruction that 1s after the
critical code section in program order (1.e., the thread selec-
tion unit 5330 determines 11 the bottom barrier 1s a non-block-
ing bottom barrier). When the barrier 1s a non-blocking bar-
rier, the thread selection unit 330 may select a next
participating thread for execution without putting the cur-
rently selected participating thread to “sleep”. Instead, the
state of the next participating thread that 1s stored in the thread
state 510 15 updated to “awake” and any participating threads
that have completed execution of the critical code section
continue to execute subsequent instructions of the program n
program order. The thread selection unit 530 also sets the
respective done flag as each participating thread reaches the
bottom barrier.

[0101] In one embodiment, barriers are used to ensure that
threads for a particular CTA that processes data using the
texture unit 315 are performed without allowing threads from
a different CTA to intervene. Ensuring that the threads for one
CTA are processed by the texture unit 313 together increases
the likelihood of cache hits because the texture accesses are
localized within a CTA. The texture unit 315 1s an example of
a shared resource and the barriers may be used to control
which threads access a shared resource or a resource that may
benellt from locality. While the threads may not need to be
executed 1 a specific order, delineating the texture load
instructions which read texture data from memory as exclu-
stve critical code sections provides a mechanism for increas-
ing the likelihood that the texture reads will hit 1n the 1.5
cache 335. Instructions 1n exclusive critical code sections that
control a specific resource (e.g. the texture unit 313) are able
to execute at the same time as critical code sections and/or
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exclusive critical code sections that do not use the same
resource. The barrier execution slots 5135 may include a slot
dedicated to barrier delineating instructions that are executed
by the texture unit 315, or slots for any resources that prefer
localized controlled access. Threads that are executed by the
texture unit 315 may be scheduled for execution simulta-
neously with threads that are executed by the execution units
302. Scheduling priority may be specified for the different
barrier 1dentifiers and texture load instructions delineated
using a barrier mstruction may or may not be scheduled with
higher priority than other barriers.

[0102] FIG. 5D illustrates a flowchart 550 of a method for
scheduling indexed barrier instructions for execution, accord-
ing to one example embodiment of the present disclosure. As
previously described, the sub-barrier index may be specified
by a per-thread register or may be dynamically generated by
the scheduling unit 425 when a version generation condition
1s met. Although the method steps are described in conjunc-
tion with the systems of FIGS. 1, 2, 3A-3C, 5A, and 3C
persons ol ordinary skill in the art will understand that any
system configured to perform the method steps, 1n any order,
1s within the scope of the disclosure.

[0103] The method 550 begins at step 555, where the
threads allocated to a CTA are associated with logical 1den-
tifiers. The logical 1dentifiers are mapped to physical identi-
fiers that are referenced by the SMs 310 durmg execution of
the threads. At step 560, program execution 1s mitiated and
the scheduling unit 425 receives 1nstructions. For instructions
prior to the indexed barrier mstruction, the scheduling unit
425 continues execution of the program by outputting the
instruction to the decode unit 450. At step 565, at least one
thread that participates 1n the indexed barrier reaches the
barrier instruction and, at step 570, execution of the partici-
pating thread 1s paused. The scheduling unit 4235 updates the
count of threads that have reached the indexed barrier instruc-
tion for each participating thread that 1s paused. When the

[

indexed barrier instruction 1s reached for the first thread of a
CTA, the scheduling unit 4235 also updates the state of the
primary barrier identifier to indicate that the barrier 1s
“static”. When a thread that does not participate in the
indexed barrier instruction reaches the indexed barrier
instruction, the thread continues execution of the program.

[0104] At step 572, the scheduling unit 4235 determines 1f

the indexed barrier can be scheduled. If versioning 1s not
enabled, the indexed barrier can be scheduled when all of the
participating threads have reached the barrier instruction (1.¢.,
the count equals the reference count). If versioning 1s enabled
then the mndexed barrier can be scheduled when the version
generation condition specified for the barrier 1s met (1.e., a
mimmum number of participating threads have reached the
barrier or a timeout has occurred).

[0105] If, at step 572, the scheduling unit 425 determines
that the indexed barrier cannot be scheduled, then, at step 588,
execution of the program continues. Otherwise, at each one of
the parallel steps 585, the critical code section for one thread
in a sub-group that corresponds to one of the sub-barrier
indexes 1s executed. The critical code section for the threads
in the sub-group may be executed in a serial manner. One or
more of the sub-groups may be executed in parallel, as shown
in FIG. 5D. When versioning 1s not enabled, the critical code
section may be an ordered critical code section because the
indexed barrier 1s not scheduled until after all of the partici-
pating threads have reached the indexed barrier. Versioning,
should not be enabled for ordered critical code sections
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because the participating threads may not necessarily be
executed in the order of the logical identifiers. When the
participating threads in the sub-groups complete execution of
the critical code section, program execution continues at step

588.

[0106] FIG. 6A 1llustrates a flowchart 600 of a method for
scheduling indexed barrier instructions for execution based
on logical 1identifiers, according to one example embodiment
of the present disclosure. Although the method steps are
described 1n conjunction with the systems of FIGS. 1, 2,
3A-3C, SA, and 5C persons of ordinary skill in the art will
understand that any system configured to perform the method
steps, 1n any order, 1s within the scope of the disclosure.

[0107] The method 600 begins at step 605, where the
threads allocated to a CTA are associated with logical iden-
tifiers. The logical identifiers are mapped to physical 1denti-
fiers that are referenced by the SMs 310 durmg execution of
the threads. At step 610, program execution 1s 1mtiated and
the scheduling unit 425 receives instructions, At step 615, the
scheduling unmit 425 determines 1 an 1nstruction 1s a barrier
instruction, and, if not, at step 658, the scheduling unit 425
continues execution of the program by outputting the istruc-
tion to the decode unit 4350.

[0108] If, at step 613, the scheduling unit 425 determines
that the instruction 1s a barrier instruction, and, 1t so, then at
step 616 the scheduling unit 425 updates the barrier member-
ship according to the membership condition that 1s used for
the barrier. When the barrier instruction 1s reached for the first
thread ofa CTA, the scheduling unit 423 also updates the state
of the barrier to indicate that the barrier 1s “static” (assuming
that the thread causes an increment of the barrier membership
counter that 1s compared with the reference count). Then, at
step 617 the scheduling unit 4235 determines if the thread
participates 1n the indexed barrier mstruction. When the bar-
rier istruction 1s an mdexed barrier istruction the sub-bar-
rier index field of the barrier 1dentifier specified by each
thread may be 1gnored to determine participation. If the
thread does not participate in the indexed barrier instruction,
then the scheduling unit 425 proceeds to step 638, and the
{
{

hread continues execution of the program. Otherwise, the
hread participates 1n the indexed barrier instruction, and, at
step 620, the scheduling unit 425 updates the state of the
thread as “asleep”. When an indexed barrier instruction delin-
cates the start of a critical code section (ordered or non-
ordered) and versioning 1s not enabled. the scheduling unit
425 membership condition should require all of the partici-
pating threads 1n the C'TA to reach the indexed barrier instruc-
tion before allowing any of the participating threads to
execute the critical code section.

[0109] Atstep 622 the scheduling unit 425 determines 1f the
membership 1s complete, according to the variety of different
conditions that may be used to determine that the membership
1s complete. When versioning 1s enabled for the idexed
barrier, the scheduling unit 425 need not wait for all partici-
pating threads to reach the barrier instruction before allowing
a sub-group of the participating threads to be scheduled for
execution. In other words, the scheduling unit 425 does not
need to wait for the membership to be complete. If the mem-
bership 1s not complete, then, at step 623, the scheduling unit
4235 determines 11 the version generation condition 1s met. The
version generation condition cannot be met 1f versioning 1s
not enabled for the indexed barrier. If, at step 623, the version
generation condition 1s not met, then, at step 638, the partici-
pating threads that have reached the indexed barrier remain
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asleep while the scheduling unit 425 continues execution of
the program. The version generation condition may be met i
version generation 1s enabled for the mndexed barrier and 1f a
timeout has expired or 11 a minimum number of participating,
threads have reached the indexed barrier. If, at step 623, the
scheduling unit 425 determines that version generation con-
dition 1s met, then at step 624 the scheduling unit 425 updates
the sub-barrier index for the barrier. The scheduling unit 425
provides the target sub-barrier index to each participating
thread, no that the thread can save the correct barrier identifier
in the thread state 510. Once the participating threads are
ready for execution, the barrier identifier+index 1s sent to the
barrier scheduling unit 430, and the index 1s updated for the
next version. If the next index 1s currently in use, then the
scoreboard unit 480 prevents 1ssue until the next index 1s iree.
At step 627, the scheduling umt 4235 updates the state of the
barrier identifier corresponding to the sub-barrier index from
“static” to “dynamic” and outputs the barrier identifier and
the CTA 1dentifier of the thread to the barrier scheduling unit
430 before proceeding to step 655.

[0110] If, at step 622, the scheduling unit 425 determines
that the membership 1s complete, then at step 625 the sched-
uling unit 425 determines 11 version generation 1s enabled. IT
version generation 1s enabled, then the scheduling unit 425
proceeds to step 624 to generate the last version for the
barrier. Otherwise, at step 627, the scheduling umt 425
updates the state of the barrier identifiers corresponding to the
primary barrier identifier from “static” to “dynamic” and
outputs the barrier 1dentifiers corresponding to each of the
sub-barrier indexes and the CTA 1dentifier of the thread to the
barrier scheduling unit 430 before proceeding to step 655.

[0111] At step 655, the barrier scheduling unit 430 selects
participating threads within each sub-group for serial execu-
tion. One thread from each different sub-group may be
executed 1n parallel. When all of the participating threads
have completed execution of the critical code section, pro-
gram execution continues at step 638. Additional details of
step 655 are described 1n conjunction with FIG. 6B. In one
embodiment, 11 a barrier becomes “hung” so that the threads
cannot be executed, the barrier can be reset just the same way
that invalidated barriers can be reset, 1.€., via a special instruc-
tion.

[0112] In one embodiment, a conditional barrier 1s used to
synchronize execution of participating threads at a barrier
instruction, and, at step 620, the thread state for each partici-
pating thread 1s set to asleep and when the membership 1s
complete at step 622, the scheduling unit 423 updates the state
of the barrier from “‘static” to “dynamic’ and updates the state
of all of the participating threads stored in the thread state 510
to “awake”. At step 655, the participating threads then con-
tinue execution of the program and the barrier scheduling unit
430 updates the state of the barrier to neither “static” nor
“dynamic”, 1.e., indicating that execution of the barrier is
complete for at least a portion of the threads.

[0113] FIG. 6B illustrates amethod for performing step 655

shown 1n FIG. 6A, according to one example embodiment of
the present disclosure. Although the method steps are
described in conjunction with the systems of FIGS. 1, 2,
3A-3C, SA and 5C persons of ordinary skill 1n the art will
understand that any system configured to perform the method
steps, 1n any order, 1s within the scope of the disclosure.

[0114] Atstep 630, the barrier scheduling unit 430 selects a
thread for execution based on the logical 1dentifiers associ-

ated with the threads that participate in the barrier. The state of
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the selected thread 1s updated from “asleep™ to “awake” so
that the thread 1s eligible for execution. Additional details of
step 630 are described 1n conjunction with FIG. 6C. When
versioning 1s enabled, the barrier scheduling unit 430 may
select threads for execution out-of-sequence compared with
the logical identifiers.

[0115] Atstep 635, the instructions within the critical code
section are dispatched by the dispatch unit 470 and are
executed for the selected thread. At step 636, the scheduling
unit 312 recerves the bottom barrier instruction associated
with the barrier identifier and the state of the thread 1s updated
to set the done tlag. At step 638, the scheduling unit 312
determines if the bottom barrier mnstruction 1s a blocking
bottom barrier instruction. When, at step 638, the barrier
scheduling unit 430 determines that the bottom barrier
instruction 1s blocking, then, at step 640, the barrier schedul-
ing unit 430 determines 11 another thread that participates 1n
the barrier needs to execute the critical code section. IT
another thread needs to execute the critical code section, then
at step 643, the barrier scheduling unit 430 updates the state of
the thread that has reached the bottom barrier imstruction 1s
updated from “awake” to “asleep” so that the thread 1s not
cligible for execution. Otherwise, at step 650, the barrier
scheduling unit 430 updates the thread state 510 to indicate
that all threads 1n the sub-group are “awake” and the index can
be reused. In another embodiment, the barrier scheduling unit
430 does not updates the thread state 510 to indicate that the
threads 1n a sub-group are awake until all of the threads have
reached the bottom barrier instruction. At step 652, the barrier
scheduling unit 430 removes the barrier 1dentifier (for the
sub-group) and CTA 1dentifier from an execution slot 1n the
barrier execution slots 515 updates the state of the barrier
identifier to indicate that the indexed barrier 1s neither “static™
nor “dynamic”. Note that as each sub-group completes execu-
tion, the state of the particular barrier identifier corresponding,
to the sub-group 1s updated.

[0116] The scheduling unit 425 then proceeds to continue
execution of the program. During execution of the critical
code section for one CTA barrier, other threads of other bar-
riers of the same CTA, as well as thread barriers of other
CTAs, may also continue execution of other code. However,
if the barrier 1s exclusive, only program instructions that are
not mncluded within critical code sections may be executed for
other barriers.

[0117] FIG. 6Cillustrates amethod for performing step 630
shown 1n Figure GA, according to one example embodiment
of the present disclosure. Although the method steps are
described in conjunction with the systems of FIGS. 1, 2,
3A-3C, 5A and 5C persons of ordinary skill in the art will
understand that any system configured to perform the method
steps, 1n any order, 1s within the scope of the disclosure.

[0118] The step 630 1s performed by the barrier scheduling
umt 430 for each scheduling cycle. At step 660, the barrier
scheduling unit 430 1dentifies any pending barriers in the
barrier execution slots 515 storing a dynamic barrier and
having a next thread that can be scheduled. If an exclusive
barrier 1s being executed, then the barrier scheduling unit 430
waits until execution of the exclusive barrier 1s complete
before 1dentifying any pending barriers. At step 662, the
barrier. scheduling unit 430 selects the highest priority
dynamic barrier. At step 665, the barrier scheduling unit 430
determines 1f the selected dynamic barrier 1s an exclusive
barrier, and, 11 so, at step 668, the barrier scheduling unit 430
waits until any other barriers delineating (ordered or non-
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ordered) critical code sections are not being executed by
threads belfore proceeding to step 670. It will be appreciated
that the barrier scheduling umit 430 may wait for all partici-
pating threads to complete execution of the other critical code
section or only wait for threads currently executing to com-
plete execution of the critical code section before (serially)
executing the threads participating 1n the exclusive barrier. It
will be appreciated that multiple non-exclusive barriers may
be executed 1n parallel for multiple CTAs, but only one exclu-
s1ve barrier may be executed at a time.

[0119] At step 670, the barrier scheduling unit 430 ident-
fies the threads that participate in the selected barrier by
determining whether each thread specifies the barrier by
name. At step 675, the barrier scheduling unit 430 searches
for the next participating thread by examining the logical
identifiers associated with each participating thread that has
not yet executed the critical code section. At step 680, the
barrier scheduling unit 430 updates the thread state stored in
the thread state 510 for the selected participating thread sub-
group to indicate that the thread 1s “awake” before proceeding
to step 635. It will be appreciated that step 670 may be
performed once, per thread block or once per cycle, to 1den-
tify the participating threads in the sub-group. because the
barrier scheduling unit 430 may be configured to maintain an
execution mask for each sub-group. The barrier scheduling
unit 430 etficiently wakes up the participating threads in
logical order as each previous participating thread completes
execution of the critical code section and updates the execu-
tion mask for the sub-group. In one embodiment, the execu-
tion mask 1s computed for each thread block.

[0120] Whuile various embodiments have been described
above, 1t should be understood that they have been presented
by way of example only, and not limitation. Thus, the breadth
and scope of a preferred embodiment should notbe limited by
any of the above-described exemplary embodiments, but
should be defined only 1n accordance with the following
claims and their equivalents.

What 1s claimed 1s:
1. A method comprising:

initiating execution of a plurality of threads to process
istructions of a program that includes a barrier instruc-
tion;

for each thread 1n the plurality of threads, pausing execu-
tion of 1nstructions when the thread reaches the barrier
instruction;

determining that the barrier instruction may be scheduled
for execution;

associating a first sub-group of the threads in the plurality
of threads with a first sub-barrier index;

associating a second sub-group of the threads 1n the plu-
rality of threads with a second sub-barrier index; and

executing threads in the first sub-group serially and execut-
ing threads 1n the second sub-group serially, wherein at
least one thread in the first sub-group 1s executed 1n
parallel with at least one thread 1n the second sub-group.

2. The method of claim 1, further comprising, for each
thread 1n the plurality of threads, determining 11 the thread
participates in the barrier instruction when the thread reaches
the barrier instruction during execution of the thread.

3. The method of claim 1, wherein the determining that the
barrier instruction may be scheduled for execution comprises
determining that a thread arrival count equals a reference
count, wherein the thread arrival count 1s updated when each
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thread that participates in the barrier instruction reaches the
barrier instruction during execution of the thread.

4. The method of claim 3, wherein the reference count
equals a number of threads that participate in the barrier
instruction.

5. The method of claim 1, wherein the determining that the
barrier instruction may be scheduled for execution comprises
determining that a version generation condition 1s met.

6. The method of claim 5, wherein the version generation
condition 1s met when a minimum number of participating
threads that 1s less than a number of threads that participate in
the barrier instruction have reached the barrier imstruction.

7. The method of claim 5, wherein the version generation
condition 1s met when a maximum duration of time has tran-
spired.

8. The method of claim 5, wherein the determining that the
version generation condition 1s met comprises comparing the
maximum duration of time to a delay from when a first par-
ticipating thread in the plurality of threads reached the barrier
instruction.

9. The method of claim 5, wherein the determining that the
version generation condition 1s met comprises comparing the
maximum duration of time to a delay from when a most recent
participating thread in the plurality of threads reached the
barrier instruction.

10. The method of claim 1, further comprising associating
the threads with logical identifiers that are mapped to physical
identifiers, wherein the physical identifiers are referenced by
a multi-threaded processing core during execution of the
threads.

11. The method of claim 1, further comprising:

generating a tag based on a program counter or a memory
address corresponding to the barrier instruction; and
associating the tag with the barrier instruction.

12. The method of claim 1, wherein the first sub-barrier
index and the second sub-barrier index are determined based
on pixel screen coordinates or memory addresses of content
stored corresponding to the pixel screen coordinates.

13. The method of claim 1, wherein the barrier instruction
delineates a critical code section.

14. The method of claim 1, wherein each thread specifies a
barrier 1dentifier for each barrier mstruction for which the
thread participates.

15. A processing subsystem comprising:
an instruction scheduling unit, configured to:

imitiate execution of a plurality of threads to process
instructions of a program that includes a barrier instruc-
tion;

for each thread in the plurality of threads, pause execution

of 1nstructions when the thread reaches the barrier
instruction;

determine that the barrier instruction may be scheduled for
execution;

associate a first sub-group of the threads 1n the plurality of
threads with a first sub-barrier index:

associate a second sub-group of the threads in the plurality
of threads with a second sub-barrier index; and

a multi-threaded processing core that 1s configured to
execute threads in the first sub-group serially and
execute threads in the second sub-group serially,
wherein at least one thread in the first sub-group 1s
executed in parallel with at least one thread 1n the second
sub-group.
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16. The processing subsystem of claim 135, wherein the
instruction scheduling unit i1s further configured to, for each
thread 1n the plurality of threads, determine if the thread
participates in the barrier instruction when the thread reaches
the barrier instruction during execution of the thread.

17. The processing subsystem of claim 15, wherein the
instruction scheduling unit 1s further configured to, prior to
determining that the barrier instruction may be scheduled for
execution, determine that a thread arrival count equals a ret-
erence count, wherein the thread arrival count 1s updated
when each participating thread reaches the barrier instruction
during execution of the thread.

18. The processing subsystem of claim 17, wherein the
reference count equals a number of threads that participate in
the barrier instruction.

19. The processing subsystem of claim 135, wherein the
instruction scheduling unit 1s further configured to determine
that the barrier mstruction may be scheduled for execution
when a version generation condition 1s met.

20. The processing subsystem of claim 15, wherein the
instruction scheduling unit 1s further configured to determine
the first sub-barrier index and the second sub-barrier index
based on pixel screen coordinates or memory addresses of
content stored corresponding to the pixel screen coordinates.
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